Abstract-The results of geological-geochemical studies of some Late Ordovician associations in the frame of the Minusinsk Trough with available geological and U-Pb, Rb-Sr, and K-Ar age dates are presented. The Late Ordovician volcanic rocks form a continuous igneous series, the basalts of which are different from Devonian basalts of the Minusinsk Trough in the lower TiO 2 content (≥1.7 wt %) and more fractionated REE pattern. These features should be considered the index characteristics of Late Ordovician rocks. Their compositions reflect processes of fractionation crystallization and mixing of trachibasaltic magmas with crustal melts. When taking into account the regional geological data, it is shown that magmatic activity at the Late Ordovician endogenic evolution stage in the northern part of the Altai-Sayan fold area was caused by the interaction of a mantle plume and the lithospheric mantle, which was metasomatically reworked and enriched in water during former subduction processes.
During the Early-Middle Paleozoic, the AltaiSayan fold area (ASFA) was an arena of multiple endogenic events leading to the formation of magmatic halos of various ages. The reasons for this activity are reliably identified for the Cambrian-Early Ordovician with mass formation of anatectic granitic batholiths in collision belts [1] [2] [3] . They are also estimated for the Early Devonian characterized by the formation of a system of large juxtaposed troughs and depressions and adjacent large fields of volcanic rocks of higher alkalinity, the formation of which is related to the activity of a mantle plume [4] . There are numerous data indicating that endogenic activity between these events was robust; however, its origin is still unclear. For example, the formation of scattered volcanic and volcanoplutonic halos of moderately alkaline and alkaline rocks began in the Middle Ordovician far from the margin of the Caledonian continent almost under intraplate conditions [5] [6] [7] . During this period, the carbonate-terrigenous shelf sediments indicating the passive margin regime accumulated on the paleocontinent and along its margin [8] .
The geodynamic nature of this endogenic activity is a matter of debate, first of all, because of the poor knowledge and the absence of precision geochemical data. In this work, we present the results of petrological-geochemical studies of the Late Ordovician associations with the available geological and U-Pb, RbSr, and K-Ar ages. Our data allowed comparison of the Late Ordovician and Early Devonian volcanic rocks and typical igneous series of various geodynamic settings. This is the background for solution of the problem of the nature of the Late Ordovician endogenic activity in the ASFA.
Late Ordovician volcanism is known in the entire northern part of the ASFA, being most intensive in the frame of the Minusink Trough ( Fig. 1) thickness from a few centimeters to 100 m. These rocks are confined to magma-feeding channels, which form a chain oriented in the same direction, as well as the entire magmatic halo. The Rb-Sr age of trachytes and microsyenites is 451 ± 8 and 453 ± 14 Ma, respectively [7] .
The Koshkulak, Efremkino, and Katyushkino paleovolcanoes are located in the western framework of the Minusinsk Trough within the piedmont areas of the Kuznetsk Alatau. The Koshkulak ring paleovolcano with an area of ~10 km 2 is controlled by summits of Bolshoi and Maly Koshkulak mounts, the southwestern slopes of which preserve the fragments of the differentiated volcanic sequence up to ~440 m thick overlapping the Late Cambrian rocks with erosion. The basement of the section includes dominant tra-chybasalts, trachybasaltic andesites, and their tuffs, which upward through the section are replaced by andesites crowned by porphyritic trachytes. The volcanic rocks are intruded by rare bodies of explosive breccias, microsyenites, and porphyry syenites. The hypabyssal syenites and granosyenites are exposed in the northeastern flank of the paleovolcano. The Efremkino paleovolcano is composed of tuffs and lava breccias of trachytes, trachydacites, trachyrhyodacites, and rhyolites, which register the fragments of a poorly preserved vent (1 km 2 ). The Katyushkino paleovolcano of ~17 km 2 in area is composed of rocks of cover and vent facies, as well as subvolcanic bodies. The volcanic cone is largely eroded: its remnants are preserved as arch ridges a few hundred meters high, where a volcanic sequence (225 m thick in total) is characterized by a flat (5°-10°) periclinal occurrence. The lower part of the section is dominant by trachybasalts and trachybasaltic andesites with trachyandesites and trachydacites upward through the section. The vent part is composed of tuff lavas, explosive breccias, and agglomerate tuffs of mostly trachyte-trachydacites composition. Subvolcanic bodies are rare and include dikes of dolerites and microsyenites composing radial fractures, as well as a bed body of porphyry syenites.
The Dolgaya griva paleovolcano (~10 km 2 ) occurs in the central part of the Kacha-Shumikha depression northeast of the Minusinsk intermontaine trough. The volcano is composed of rocks of volcanic, vent, and subvolcanic facies. The volcanic rocks form a stratified monoclinal (dip NW 30°) sequence up to 2200 m thick with intercalating covers of trachybasalts, trachytes, and tuffs of trachyte-trachyrhyolite-pantellerite composition. The vent facies include a neck of eruptive breccias of trachybasalts and subvolcanic facies are dikes of porphyry tracites and fine-grained gabbro transiting to trachybasalts in the contact zone, as well as laccoliths of quartz porphyry syenites.
The age of igneous associations of paleovolcanoes is 476-446 Ma (Rb-Sr and K-Ar methods [7] and U-Pb age of zircon [9] ).
The composition of rocks and the formation succession of the Late Ordovician and Early Devonian associations [4] are similar, however, they exhibit some specific features. First, the rocks are similar by differentiation with trachybasalts and trachyandesitic basalts in the basements, which are replaced by trachyandesites, trachiytes, trachydacites-trachyrhyolites, and rhyolites. The sections rarely contain pantellerites and fragments with irregular intercalation of various rocks. The Late Ordovician associations constantly exhibit vent facies among volcanic rocks, which indicate a wide distribution of paleovolcanoes. The vent facies include pyroclastic and subvolcanic rocks, which form (as well as volcanic rocks) differentiated associations. In contrast, the Early Devonian sequences show only rare dikes and extrusive bodies of trachytes and dolerite sills.
The contents of major oxides and trace elements of volcanic rocks are shown in Table 1 . In the TAS diagram (Fig. 2) , the composition points of Late Ordovician volcanic rocks, as well as Early Devonian rocks of the Minusinsk Trough, form a continuous series of mostly moderately alkaline series. Weak distinctions are typical only of the felsic volcanic rocks: the Late Ordovician rhyolitic rocks are more alkaline (the agpaitic coefficient reaches 1) in comparison with the Early Devonian. In the Ta-Yb diagram [11] (Fig. 3) , the composition points of the Late Ordovician volcanic rocks with the SiO 2 content of 65-76 wt % form a continuous trend from intraplate rocks to volcanic arc granitic rocks.
The multielemental patterns (Fig. 4) of the Late Ordovician volcanic mafic rocks demonstrate enrichment in LILEs and REEs relative to island arc basalts. In contrast to similar Early Devonian basalts of the Minusinsk Trough, they lack TiO 2 (>1.7 wt %) and exhibit a higher degree of REE fractionation, mostly at the expense of the lower contents of Y group elements (HREEs). In the contents of some incompatible elements, they are similar to the OIB composition; however, they are selectively depleted in HFSEs (Nb, Ta, and, to a lesser extent, Zr, Hf, and Ti) and are enriched in Ba and Sr. These features of trachybasalts are inherited by other members of the series: trachybasaltic andesites, trachyandesites, and trachytes (55 wt % < SiO 2 < 64 wt %). At the same time, the contents of incompatible elements in the last group of rocks are systematically lower (Fig. 3) in comparison with their contents of basalts. For example, they have lower Zr, Hf, Nb, Ta, Th, REE, and Y contents, which contradicts the tendency of their accumulation during fractionation, but is explained by mixing of trachibasaltic magmas and their differentiates with crustal anatectic melts depleted in these elements [14] . The felsic (64 wt % < SiO 2 < 76 wt %) volcanic rocks are characterized by higher Rb, Th, U, K, Zr, Hf, and HREE contents (with low Nb and Ta vs. La); lower Ba, Sr, and P contents; and a Eu minimum. This indicates the key role of crystallization differentiation during their formation.
Thus, Late Ordovician volcanic rocks are abundant in the mountainous framework of the Minusinsk Trough and are involved in the structure of both volcanic halos and central-type paleovolcanoes. In spite of the diverse Late Ordovician rock complexes, they form a differentiated compositional association. In contrast to the Early Devonian volcanic rocks of the trough, they are characterized by a lower TiO 2 content (≥1.7 wt % in mafic rocks) and a more fractionated REE pattern of trachibasalts. These features should be ascribed to the index compositional characteristics of the Late Ordovician rocks. Their compositions exhibit two trends of magma evolution. The main process is DOKLADY EARTH SCIENCES Vol. 485 Part 2 2019 VORONTSOV et al. fractionation crystallization leading to the formation of moderately Ti series of rocks from trachybasalts to trachirhyolites-rhyolites. Subordinate contamination of melts by crustal material is responsible for the formation of low-Ti trachyandesites with lower contents of incompatible elements including HSFE. Both processes reflect the interaction of mantle and crustal matter sources and occur at active continental margins and areas of intraplate volcanism, which are formed due to the involvement of the mantle plume [15] . In our case, however, the geological data indicate the absence of convergent processes in the region and the intracontinental position of the magmatic area. This geological constraint allows the conclusion that, in spite of lacking mafic rocks with apparent intraplate geochemical features among the igneous rocks, the Late Ordovician magmatism of the northern part of the ASFA was most likely caused by the activity of the mantle plume. This conclusion is in line with the compositional features of igneous rocks: they belong to subalkaline and alkaline petrochemical series and are enriched in most lithophile elements. Similar features of parental magmas are typical of the Central Asian foldbelt, where mantle plumes affect the lithospheric mantle, which was metasomatically reworked during the former Vendian-Cambrian subduction [1, 3] related to the evolution of the Kuznetsk-Alatau and Altai-North Sayan island arc systems. 1, trachybasalts and trachybasaltic andesites, 48% < SiO 2 < 55%; 2, trachyandesites and trachytes, 55% < SiO 2 < 64%; 3, trachydacites, trachyrhyolites, and rhyolites, 64% < SiO 2 < 76%; 4, mean composition of Early Devonian basalts (Batenevskii uplift [4] ). The compositions of primitive mantle and oceanic island basalts (OIB) are after [12] ; island arc basalts [13] . 
